Abstract
Introduction

34
The presence of dyes and pigments in water bodies is enormously concerning for public 35 health. A variety of synthetic dyes are used in many industries, including leather, textile, paper, 36 rubber, dyestuff, cosmetics, plastics, pharmaceutical, printing, food, paint, pigment, petroleum, 37 pesticide and wood-preserving chemical industries. Notably, over 100,000 known commercial 38 dyes exist, and of the approximately 700,000 tons of dye produced each year, 10,000 tons are 39 subsequently discharged into wastewater streams (Raval et al., 2016) . The uncontrolled and 40 untreated discharge of abundant colored wastewater into the water environment has attracted 41 substantial attention because dyes' toxic, carcinogenic, mutagenic, and allergenic properties After predetermined intervals, the mixtures were separated using glass fiber filters. The MG5-124 laden biosorbent was rinsed with deionized distilled water, dried, and stored for further 125 experiments (i.e., FT-IR, TGA, and desorption). The MG5 concentration in solution was 126 determined using ultraviolet-visible spectrophotometry (Genesys 10 UV-Vis; Thermo Scientific) 127 at the wavelengths of maximum absorption (Fig. 1) . The amount of MG5 uptake at equilibrium, 128 qe (mg/g), was calculated by the mass-balance equation. 
Statistical analysis
141
All experiments were conducted in triplicate, and the results are expressed as the 142 mean ± standard deviation. Trial-and-error non-linear methods were performed using the Solver 143 add-in (Microsoft Excel) to compute the parameters of the isotherm and kinetic models. The 144 coefficient of determination (R 2 ) of the non-linear optimization method was computed using Eq.
145
3. To identify the best-fit model for the adsorption process, the chi-square (χ 2 ) and non-linear R values were determined (Tran, You et al. 2016a , Tran, You et al. 2017f, Tran, You et al. 2017d 
where qe,exp (mg/g) is the MG5 uptake at equilibrium obtained from Eq. 1, qe,cal (mg/g) is the MG5
149
uptake determined from the model after using the Solver add-in, and qe,mean (mg/g) is the mean 150 value of qe,exp. The basic properties of the biosorbents are listed in Table 1 . Clearly, the biosorbents have 
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The pyrolytic characteristics of the examined biomass were determined using a 180 thermogravimetric analyzer, and they are presented in Figure 4 and thermally stable than the other tested biosorbents.
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Effects of pH and ionic strength
200
The surface charges of the biosorbents in solution were characterized by the point of zero 201 charge (PZC). The PZC was defined as the pH value at which the net (external and internal) surface Table 1 ).
209
The pH dependence of MG5 adsorption is presented in Figure 5b . 
). An analogous result was found in the literature (Ncibi et al., 2009 ). 
Adsorption kinetics
228
The effect of the contact time on the uptake amount of MG5 at different temperatures is 229 described in Figure 6 . The dye-removal rate increased continuously during the initial 10 min of 
where k1 (1/min), k2 (g/mg × min), α (mg/g × min), and kip (mg/g × min) are the rate constants of the 243 pseudo-first-order, pseudo-second-order, Elovich, and intra-particle diffusion models, respectively; 244 qe and qt are the amounts of MG5 uptake per mass of the biosorbent at equilibrium and any time t
245
(min), respectively; β (mg/g) is the desorption constant during any one experiment; and C (mg/g) is a constant describing the thickness of the boundary layer. Higher values of C correspond to a 247 greater effect on the limiting boundary layer.
248
The activation energy of the sorption process (Ea; kJ/mol) can be predicted using the 249 Arrhenius equation. Eq. 10 describes the activation energy estimated based on adsorption kinetics 250 experiments performed at two temperatures:
where k(323K) and k(303K) are the rate constants of the kinetic model at 323 K and 303 K, 252 respectively; A is the pre-exponential factor (i.e., the frequency factor); R is the universal gas 253 constant (8.314 kJ/mol × K); and T is the absolute temperature in Kelvin.
254 Table 4 lists the relative kinetic parameters for dye adsorption at two temperatures.
255
According to the coefficient of determination (R 2 ), and chi-square (χ 2 ), it can be concluded that the heterogeneous system, which is in accordance with the observation of their morphology in Figure   262 2.
264
As demonstrated in Table 4 , the adsorption rates (i.e., k1, k2, and α) of the biosorbents Table 4 278 279
Adsorption isotherms
280
Although adsorption isotherms can contribute to elucidating adsorption mechanisms, it is 281 less helpful in this regard than kinetics and thermodynamics. However, collecting adsorption 282 isotherms is a useful strategy to both describe the relationship between the adsorbate concentration 283 in the solution (liquid phase) and the adsorbent (solid phase) at a constant temperature and design 284 adsorption systems. In this study, the Langmuir (Eq. 11), Freundlich (Eq. 12), and Dubinin-cationic dye on different biosorbents. To minimize the respective error functions, the non-linear 287 optimization technique was employed to calculate the adsorption parameters using these models.
where qe and Ce are obtained from Eq. 1; Q o max (mg/g) is the maximum saturated monolayer parameter that reflects the magnitude of the adsorption driving force or surface heterogeneity (the 293 adsorption isotherm becomes linear for n = 1, favorable for n < 1, and unfavorable for n > 1; (Hai, 294 2017) ); qRD (mg/g) is the adsorption capacity; KRD (mol 2 /kJ 2 ) is a constant related to the sorption 295 energy; ɛ is the Polanyi potential; and E (kJ/mol) is the mean adsorption energy.
296
Hall and colleagues (1966) stated that the essential characteristics of the Langmuir 297 isotherm model can be expressed in terms of a dimensionless constant separation factor or 298 equilibrium parameter RL, which is defined as follows:
where RL is a constant separation factor (dimensionless), KL is a Langmuir equilibrium constant,
300
and Co is the initial MG5 concentration. The isotherm shape was used to predict whether the 301 adsorption system was favorable (0 < RL < 1), unfavorable (RL > l), linear (RL = l), or irreversible
302
(RL = 0).
303
The MG5 adsorption isotherms for the biosorbents at different operation temperatures are 304 presented in Figure 7 . Clearly, the region in which the experimental data relating to the adsorption (92 mg/g) > CC (59 mg/g). As shown in Figure 7 , the adsorption efficiency is strongly affected by 321 the operation temperature. The uptake amount of MG5 decreased as the temperature increased, indicating that the dye-adsorption process is exothermic. The decrease in the adsorption capacity 323 at higher temperatures is ascribed to the decrease of the adsorption energy Ea (Table 5) . according to the laws of thermodynamics using the following equations:
∆Gº, ∆Hº, and ∆Sº are related as follows:
The well-known van't Hoff equation is obtained by substituting Eq. 17 into Eq. 18
The Gibbs energy change (∆Gº) can be directly calculated from Eq. 17, whereas the 337 enthalpy change (∆Hº) and entropy change (∆Sº) were determined from the slope and intercept, 338 respectively, of a plot of lnKC against 1/T (Eq. 19). The equilibrium constant (KC) must be 339 dimensionless. In this study, the KC derived from the Langmuir constant (KL) was employed to 340 calculate the thermodynamic parameters (∆Gº, ∆Hº, and ∆Sº). Thus, KC can be easily obtained as a dimensionless parameter by multiplying KL by 10 6 (the solution density, assuming that the 342 density of pure water is 1.0 g/mL) (Milonjić, 2009; Tran, You et al. 2016b; Tran, You et al. 2017d) 343
The thermodynamic parameters of the dye adsorption process are listed in relating to the separation factor (0 < RL < 1) and Freundlich exponent n described in Section 3.4. in intensity ( Figure 3 ) and shifted toward slightly higher wavenumbers (Table 2) , confirming the 402 existence of both dipole−dipole and Yoshida hydrogen bonding interactions (Blackburn, 2004) . n-π interactions (or n-π electron donor-acceptor interactions) were originally proposed by
407
Mattson and colleagues (1969) . In these interactions, the carbonyl oxygens on the surface of the 408 adsorbent act as electron donors, and the aromatic rings of MG5 act as electron acceptors ( Figure 9d ). The FT-IR spectra revealed that the C=O and C-O peaks shifted and decreased in intensity 410 after MG5 adsorption ( Figure 3 and Table 2 the extent of their contributions may depend strongly on their amounts.
422
Assuming that the percentages of the dye desorbed by (1) HCl and NaCl reflected the groups, the contributions of these different adsorption mechanisms for the three adsorbents could 425 be described as follows: hydrogen bonding and n-π interactions (76% and 62%) and electrostatic 426 attraction (17% and 28%) for GS and CC, respectively; and electrostatic attraction (74%) and 427 hydrogen bonding and n-π interactions (34%) for OP.
428
To identify the functional groups responsible for the adsorption, the dependence of the for various cationic dyes using different types of biosorbents. Clearly, the selective trend of the 445 maximum adsorption capacity is inversely proportional to the molecular weight (Mw) of the dye.
446
According to Table 7 , GS, CC, and OP are attractive alternatives for the removal of cationic dyes 447 from aqueous solutions.
448 Table 7 449 Furthermore, we also compared the SBET and Q o max of MG5 adsorption onto the biosorbents 450 in this study with those of the other adsorbents in the previous literature (Table 8) . Theses attraction, while these for biochar and activated carbon were π-π interaction and pore filling.
462
Furthermore, the differences in the adsorbent's characteristics (i.e., textural properties and surface 
Conclusions
478
The adsorption process was strongly dependent on the pH of the dye solution and the presence of 479 the electrolyte. The kinetic study confirmed that adsorption equilibrium was established rapidly 480 with low activation energies (from -48.6 to -7.23 kJ/mol), and that, removal rates of 30%-87% (Tran et al., 2017e 
